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Abstract

A strongly exothermic reaction in the impingement region of two Iiq_id st.reams

can cause so much gas formation that the streams blow apart before substan_;at

mixing can occur. Poor combustion performance in some !iq_d propellant rocket

engines has been _'aeed to _.is stream separation.

Two theoretical models of stream separation in irrlpmgiv.g un]ike doublets are

advanced. These models are complementary, in that one appiies at low pressure

and the other at relatively higher pressures. The first model is based o_ 6he

attainment of the bubble-point temperature at the stagnation point of the jets.

In the second modeli for higher pressures, the gas phase reactions beeome so

rapid!that an insulating gas film can be formed between the two impinging tiquid

jets, preventing any contact between liquid phases.

Using available data on rates of reaction for the N,,O,-N_H_ propellant eom-

binatlon, estimates of the region where stream separation would or would not
occur k,ave been made. Curves based on the bubble-paint lim,ita_cn depend

strongly on the variation cf vapor pressure with propellant feed temperature. The

gas film model exhibits no such dependence. The -3/9. power dependence on

pressure of this latter model is due to the sensitivity of gas phase reactions to

pressure, The die6_ is equally applicable to round iet and to fiat sheet injector

dements, The experimental data obtained at the Jet Propulsion Laboratory ap-

pear to correlate wlth:the theory, in that the smaller-diameter injectors (less than

0,02 in.) show no stream separation, but the larger ones (greater than 0,06 in.) do.



Criteria for Separation of Impinging Streams

of Hypergolic Propellants

I. ln_raductlon

The Occurrence of strongly exothermic chemical reac-

tions:near the stagnation point of impinging.stream

rocket-engine inieetors, can materially affect the spray
atoraization and:ruling process in the combustion cham-

ber. Elverum and'Staudhammer (Ref: I) attributed low

perf0rmanee in some types of hypergo]ie-propellant

rocket engines to eta'earn separation. They _-_3njectured

that gas evolution due .to rapid liquid phase reaction at

the impingement point caused: the streams to blow apart

and separate before a sub_tantia:l amount of Iiquid phase

mixing could occur, Johnson (Ref. 2) and Evans, Stanford,

and I_iebling (Re£ 3) have confirmed the effects of

stream separation on rocket engine performance. Burrows

(Bef. 4) has recently made photographic observations of

stzearn separation in a transparent rocket engine.

In the work reported here, two different but comple-

mentary theoretical models of stream separation are

postulated. The first' model, suggested in B.ef. 5, _s based

on the attainment of the bubble-point temperature at the

stagnation peint_ of the lets. In the second model, for

higher pressures, the gas phase react':ons become sc

rapid that an insulating gas film is formed between the

two impinging liquid jets. This gas film prevents conta¢rt

between the liquid phases, thus precluding liquid phase

reaction, and also prevents mixing. Using available data

on rates of reaction for the N:Or-N:H, propellant com-
bination, predictions are made of the region where

stream separation will occur.

If. Liquid Phase Reactions Controlling

Two initially circular cylindrical streams of liquids

which impinge are illustrated in Fig. i. The axes of the

two orifices are taken to be coplanar. For steady flwlscid

flow, a stagnation pom_ wii] be located or., the interface

between the two streams. Although the geneaa] descrip-

tion of the flow field is complicated, a power eerier;

solution for flow in the irrm2ed_-ate vicinity of the stag-

nation point is fo_md to be relatively sim_:l_, If o_e t_,kes

the stagnation point as the origin of the coordinate sys-
tem, the first-order solution for the s_eam func':_on is

g/ven by tl-,e relation
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where y is the length coordinate normal to the interface,

r ":s the radial coordinate measured from the stagnation

stream line, and the constant _ is a scale parameter

whose value is determined by the dimensio_ of the jets.

The exact evaluation of the parameter a weuld, of course,

require the exact solution of the hydrodynamics o-_ the

impinging stream. To asses_ important effects with a

minimum of complication, a very simple, completely

symmetric geometry for impinging jets has been inve._-

gated. This geometry-is illustrated in Fig. 2. The analog

solution of .Leclere" (Ref. 6) for an axially symmetric jet

impinging normal to a flat plate is _itted approxhnately

if the scale parameter is chosen to be _ = Vi/D_, where

V] is the initi'alijet velocity and D i is the irdt/al jet diam-

eter (Ref. 7). In the more general ease, the two jets are

net identical in size or mass flow, since _dae propellant

ratios are seldom So ,exactly matched. No study of these

effee_ has been. made so far, but some suggestions as to

the'h- importance,are,discussed, later,

])"or liquid_phase:reaction to occur, there mu_: be mix-

ing:betweeri;_6_;_Uel,and the o xid!zer'streams, it is as-

s_m6d h_iat4_hislaii_ng:isresvi6fed to a narrow,boundary

layei" and/is confir611ed by turbulence 6rented. in .the ap-

. proach flow. ThisT1/ist restriction is believed necessary,

because withlami_ar,dfffusi0ncontr01t'mg the spread of

reactants and lieat,, the heat ,•w0u!d,, be :dissipated rela-

th,ely more rapidly' than the mixing ,reactants could gen-

\\'" ,

} '__¢NTERFaCE WHERE MtXING

Fig. 1. Diagram of impinging liquid stre=ms showing

sragncffion stream line, stagnation point, ¢_nd internee

between the two stream_
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Fig. 2. Die,gram o_ idea! coaxial, oppo_ed [_p.;n_in_

streams c_dep_ed for a simplified on_|ysis of ffqu|d-

reaction-controlled stream _ep_ro_©r_

crate heat. This effect can be viewed as a consequence

of the laminar Lewis numt_r for liquids being much

larger than tmity. O_x the other hand, for _rbulent mix-

ing, the mechanism of mLxing of reactants and the dissi-

pation of heat are the same, and fires the turbulent

Lewis number is about unity (Ref. 8), As a consequence,

the distribution of reactants and of enthaIpy can be as-

sumed to be linearly related and locally adiabatic. Tur-

bulent mixing should cause the calculated maximurr_

temperature level in fl_c react':on zone to bc k_g,_cr if, an

with laminar mixing.

The boundary layer near the stagnation point has a

constant thickness (Ref. 9). Consider a "disk-shaped;'

contrel volume centered on the stagnation poir_t with the

fiat sides separated by a distance of the order of _e di.f-

_usion length, This represents the chemical reactor vol-

ume. The residence time _or particles passing _hrough

this volume varies considerably. Considering the diffu-

sion with/n a layer of the thickness of _he boundary

layer, however, it is the average residence _rne that i:

the characteristic time duration for the reaction :'at_ and

heat release analysis. Using the stream function relation

defined in Eq. (1), the average residence tim- e. for a

particle in this disk-shaped region is given by



1
¢,.... _ D_/Vj (2)

Note that the ,average residence thne t, does not depend

on the directions of the arbitrary control volume; this

is a property of stagnation point flow. More detailed

analysis of the flow field, mass transport, and heat trans-

fer equations can be used to support these contentions.

In lieu of more elaborate analysis, the residence time

siren in Eq. (2) is assumed as an adequate first approxi-

mation to the contact time in impinging jets for chemical

reaction.

Directly applieable data on the liquid phase reaction

rate of hydrazine and nitrogen te_oxide were not found.

As a provisional _timate, some data by Somogyi and

Foiler (Ref. _"_*w on the reaction between hydrazine and

nitric acid were used, A reported maximum heat release

rate of 83 × 10 a eal/s per mole of oxidizer (i.e., NzO,)

was chosen as art order-of-magnitude estimate.

The stream separatiort criterion for the case of liquid

phase reaction controlling is computed by eq'mting the

contaet 't_me to the time required to heat a mixture of

the ireactants to the'bubble point. Both streams are as-

suraed to have the same initial temperatures. The total

pressure iS found by using the taw0f additive vapor

pfegsure applicable to immiscible, fluids:(Hydrazine and

nitrogen tetroxide in the liquid forms are .believed to be

immiscible, Ref. 11.) The time required to:heat the mix-

hare from the initial temperature to the buhble-point

| I MIXTURE RATIO NzO4/NzH 4 I,Z(WT) |/
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Fig, 3. "Sti'ellm sepilrm,_on criteria
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temperature is ther_ found by using the previously ,:non-

tloned heating rate. The total pressure is ident_fie_ wi,.b

the chamber pressure, and the heM,.'ng _me is identified

with contact time t,. The _sults for various initial ten-_-

peratures are sho,,_,n in Fig. 3. For an injector _,_th a

characteristic contact time t, = D:/Vj, separated streamn

may be expected when the chamber presst,re is loss than

that on the curve corresponding to ti_e initia[ 9ropc_iant

temperatures.

If a sufficient amount of heat can be generated l)y

gas phase combustion reaction as compared with the

liquid phase reactions previously considered> then there

is the possibility that a stable gas film _,m be formed

between the two impinging liquid streams, The gas in

t.hc film L; generated by vaporization of t_e !iqu'_ds due

to heat conducted from the combustion zone to the liquid

surfaces. The pressure drop resulting from the escape of

the gaseous combustion products from the gas Film to the

environment supplies the force necessary to turn the im-

pinging liquid streams witJmut contact bekveen the liqtdd

phas_. The critical consideration in establishing the gas

fihn will be the rate of heat release in the gas phase.

In the case of hvo coherent liquid jets impinKin_, upon

each other, the jets will be assure-d, for simplicity, ;o Ix'.

exactly opposed with the axes of symmeh-y coincident

(Fig. 4). The momenta of the jets are matched so that

the position of the interface will be stati,_naD,.

It is assumed that a film of gas separates the two je_

at the interface of impingement so that the liquid phases

never come in contact. The film of gas separating the

hvo fluids has a thickness 8 that is constant, and the gas

pressure is P. Fuel is vaporized at one surface and oxi-

dizer is vaporized at the other s,irface. The mass rate of

vaporization is assumed to be uniform over each _urfaee,

The mathematical analysis of uniform blowing from

opposed parallel surfaces, including gas phase reaction,

can be solved in principle, since the profiles of tempera-

hare and concentration are self-similar (Ref. !2). tlow-

ever, the analysis is still quite complex, and l-.enee the

temperature and concentration throughout the gas film

are assumed to be represented hy single mean wdues.

The problem of determining the relation of the mean

value to the actual profile ,_411 not }_e cot, sidereal here.

Sawyer and Glassman (fief. 13) proposed, oaa r_he basis

of experimental studies, that the gas phase reaction of



OXIDIZER

_I GAS FILM

k_,,,_ / MIXED GAS-LIQUID

CTION7"---- "_'_- _

FUEL I

-- SECTION A

OXIDIZER (LIQUID PHASE)

MEAT FLUX J _V _ DIFFUSING OXIDIZER J
. VAPOR V

"-,/ /./ / / / / / ///_. / / /
COMBUSTION ZONE PRODUCTS FLOW

DIFFUSING FUEL

HEAT 'FLUX- '_ " VAPOR

FUEL (LIQUID PHASE)

i •

Fig. 4. DiagramLof gas,film between two reactive
liquid streams

liydrazine and nitrogen tetror.ide proceeds in two steps.

.The sto]diimnetry of the first step, which is very rapid, is

2NO._, + N._,H, _ 2NO + 2HzO + N: (3)

The second step is the slower oxidation of the hydrazine

by NO/_(!t,i s assumed that only the first step takes place

in,the gas film:)Sawyer and Glassrrian found a second-

order reaction expression to fit the data:

- d (N_H_)

dt
- B (N_H,) (NO..) (4)

where the rate coefficient B is given b-y

B = 10 TM exp (-26,700/RT) cm'_/mole-s (5)

In the subsequent analysis, the products of reaction will

be taken to be a single Species with a mean molecular

weight M_ of 24.8.

In terms of mass fraction, the rate expressioz_, for the

creation of combustion pr_c_uc_s (subscript m) beconv',;

dw., 5BpM.,wtw_

dt MrMo

where the number 5 comes from the sto::chiometric

proportions called out in Eq. (3). The terms _,i,, 3;_,

and M,,, are the molecular weight for the fuel, oxidizer_

and product, _espectively.

To obtain an e:cpression for the rates of gasification,

the rate of heat transfer to each surface is equated to the

net heat of vaporization. The equations, assmning steady-

state conditions, are

F c,,Cr-T ) q
o,,,= LL, + c, (:r,- J

t ," ",
k']

p,-"io = N 8C,"-'-_Lo + _C_iT-o :-To_) (8)

where N = h3/k is the Nuaselt number, k is the tk,ermal

conductivity, T is the gas temperata]re, T/and To are the

sm'faee temQeratures of fuel and oxidizer; respectively,

T_I and To_ _e the initial propellant temperatures, and

Lr and L0 are the heats of vaporization. The surface ten>

peratures are computed by assur,-4ng that the va_or

pressure at the surface is equai to the local static pres-

sure (i,e., surface boiling).

Since the only source of gases in the film is vaperiza-

tion, the equivalent unreacted weight fractior_ of fuel

and oxidizer in the gas phase are given by

pt_[
o O)

and

The actual weight fractions of fuel and oxidizer are

given by

Mt
= "........ tv_ (1t)

wi w/ 5M.,

and

"2Mo



wherethesubscriptm denotes equivalent product for

N...O4-N._H4 combustion according to Eq. (3).

An enthalpy balance enables an equation for the mass

fraction of products to be written in terms ef the gas

temperature:

©

w I

W o
0

+ _ [Cv (T - To) + Lo + Co (To - To_)]

(1_)

where Lm is the heat of reaction per unit mass of product

formc_l.

The outflow of reaction product from the gas film

must match the rate of creation due to reaction; hence

dw_

($a, + _o) _,_ = p-77 " _'' s (14)

When Eqs. (6)-(8) are combined with Eq. (24), the fol-

lowing expression results:

NkFMiMow,,

_" = 5Be_Crwlw_M= (15)

where the parameter r is defined as

c, (T - rr) C_ (r - T°)
r= Lf +CI' + (16)_T¢ -- T&) L, + C. (T. -- To_)

The gas density p is computed by the peffec_ gas law

PM

RT
(17)

where the mean molecular weight is given by

M = + +  -i2/ Os)

Equation (15) can be solved for the gas temperature T

if the film thiekne.ss 8 and pressure P are stated. How-

ever, in view _f the complexity of the analysis, it is

somewhat simpler to regard $ as the t,.nkno_m and T as

the known parameter.

The gas film thidm.ess 8 is determined b- the balance

of the momentum pressure of tb.e jet compared :.'At._ the

excess of static pressure i_ thv gas film -h:e ta fi-ic_5on

and acceleration.

?

The integrated force due to static pressure of the jet

along the plane of hnpingement must m-,.tch the roomers.

turn of the _et. For the purpose o[ this analysis, i_ is

assumed that the mean sta_c pressure in the gas film

is given by the stagnation pressure .Y, whic}_ is

_v_
Yt =P_+ _ (!9;

where P_ is the chamber pressure and the subscript ]

refers to liquid jet properties,

The mass rate of vaporization of gases from the sur-

faces feeding into the gas film is assomed constant over

the surface. By mass balance, the radial velocity c,f gases

in the gas gap at the radius r is given as

r

From the partial differential equations for ccnserva,-_on

of radial momentum for constant p and e, and L'om

Eq. (20), it can be shown that the _aminar pressure drop

is given approximately by

P,-P,=0.45 + 3

The derivation of Eq. (21) is gix_n in the Appendix.

Combining Eqs. (7), (8), (15), (16), (19), and (21), and

putting r - D), the expression for the critical time con-

st,ant DffV_ i5 obtained:

Dt 0.4 w,,MrMo

Vi pBtc_w,M,,,

pj _ ':'-"

_ + T_/
k A

(_>

The transport properties k ar, d t_ enter only imp]it/fly

into the PrandtI number Pr = p,Ct./k.

it has been assumed that the flow remains _aminar, in

which ease, the NusseIt number N is about 4; if the flow

JP_ TECHNICAL _EMORANDU_ 33-395 5



is turbulent instead, then the Nusselt number is iarger

than 4. The d/mensionless temperature parameter F will

generally be much larger than unity, because the mean
gas temperature will be close to the adiabatic flame

temperature. If this is the case, then the value of group
20Pr/3NF will be generally less than unity. Hence, the

value of DJV t will be only weakly dependent upon

assump_ons concerning the nature of the hydrodynamics
in the gas film.

Equation (22) is an expression for Di_Zi, which can

be shown to be a function of P and 7". Assuming P and T

to be given, the mass flows can be computed from

EelS. (7) and (8). The mass flows are used to compute

w], wo, w_, too, and w,, with Eqs. (9)--(13). Finally,
Di/Vi is computed using Eqs. (16), (17), and (18) to

evaluate the terms in Eq. (22). The result for the rate

expression gi'¢er_ in Eq. (5) is p!o_ed in Fig. 5. Far each

value of Of/Vi, thor e ca n be two, one, or no value of T.

There will be a eriticaI value of DJV t, denoted hence-
forth by (O//V,)*. For values of Di/Vj larger than the

critical, the're exist real soiutions, while for values smaller
than the criUeal, noreai solutions can be obtained. In the

ease of inultiple solutions, it is believed, on the basis of

analogy with the behavior of well-stirred adiabatic

reactors (tlef. 14), that only the higher-temperature

braiaeh represents a physically possible solution. The

lower-temperature branch corresponds to a metastable
condition.
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Fig. 5. Contact time ©s a funclion of temperature

The existence of a crit_eM value (D_/X./;i* , below
which no real solution exists, is the feature de..at was

sought as the condition for _e existence of a g_'s fihu

behveen two impinging l_quid iei-s. The oN,cat ,ealuea

(D.JVs) • were computed for diffe,'ent pressures and are

presented as part of Fig. 3. '!2nc slope of C_e c_wve is
given by the pressure to the exk?onent -i.5.

In summarizing the anatyUe results, it is proposed that

a stable gas fi_m prevents direct liquid phase rout'act

between hydraz'ne and. nih-ogen tetroxide liq,id iets if
the condition

Di { I00 X.....

is obtained. The pressure is expressed in ps_a.

_V. Comparison of Theory Wit,_ Expe_menes

As a result of the theoretical analyses, it is possible to

outline, in a tentative manner, the regimes in which

impinging stream inieetors wm_ld suffer l:r.om stream

separation. The data apply to the hydrazine-nit_ogen

te_'oxide propellant system. The criteria are presented

as curves (Fig. 3) with chamber pressure and contact

time a_ coordinates. In the case "where the liquid phase

reaction is controllhag, the initial propellant temperature

is important, since the temperature rise is directly [:ro-
portional to the contact time. At a given contact t{me

D1/V;, the chamber pressures higher than the vapor

pressure would cause a bubble to collapse. The second
model, for the gas phase reae_on controlling, is essen-

tially independent from whether there can be rapid

phase reactions. The separation criterion given in Fig. 3

indicates the lowest pressure at which the gas phase

reaction can support a gas film of the posh_lated type.
The combination of the two limits marks out a rough!y

triangular region of short contact times where no sepa-

ration effects would be predicted.

The experience at the Jet Propulsi(m Laboratory on
stream separation eneountereJ in rocket: engines _,; de-

scribed in Ref. 3, which gives a tabular summa,- T for the
effect of injector size on separation. These dab,. az-z; com-

pared with the stream separatism crileria curves and are

presented in Fig. 6. As indicator;, the init.;a_ propellant
temperature was taken to be al:;ou[ 8O'F.

Two types of i_jectors were steadied: the tT,];u!'ar ori-

fice impinging jet injectors with an included angle of
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Fig. 6. Experimental data on stream separation

60 dog and the sheet injector, with which the two

streams of liquid are deflected to form fiat impinging

liquid sheets, The characteristic contact times for the

sheet injector are compttted from the sheet thickness
rather than from the diameter. The thieknesses are gen-

erally much smaller than the diameter for the compa-
rable tubular injector with the same mass flow per

element. The nominal thrust per element is indicated

to give some basis for comparison with other engine

configurations.

The solid pints denote cases where stream separation

was found, and the ope__ pints i, dicate those ,uhere

there was no stream separation. The predicted stream

separation criteria do indeed segnregate the data into

the two types. However, considering the approxima-

tions used in the anai;sis, TM ...... _-_;"- r.....
sidcred to be for_:.itous.

¥. Discussb_n

The analyses of stream separations presented shouM

be viewed as oniy a smMi extension from din:ensional

analysis. The quantitative predictions have bce_._. consid-

erabiy better than expected. At the present time, it is
believed that, until more data are avaiiable_ the analysis

of stream separation .,:heuid be u_,cd its a _.'_rrelating

scheme rather than as a predietiv{_ device.

The difficulty in describing the fluid-flew fictd in the

impinging stream i,ajectors was circumvented by rcstric t-.

ing the analysis to the stagnation region. The equatio_:s

ihen })ecome simple ie handle, but an adeq,.mte corr,.kt-

tion between sta_mtion 9oint flow and gross iot geon',-
etry has been made only for the directly opposed stTeam.

It is hoped that later lefinements may clarify _l_e relation

between gross stream prol_rtics and 'l:e _q'f(:etive con-

tact time at the impingement point,

Some estimates have been made of the <fir,cot of hn-

pinge_nent angle on the contact time (Eel. 5). However,

it is not warranted at the t'resent thne to include this
variable, since most stream half angles are between 30

and 45 dog, a range where the change in values of
sines and cosines is less than the probaMe reliability

of the analysis. The effective contact Hme is not believed

to be strongly affected by the, impingement angle in

this range,

In eases where the impinging stream velocities and
,,,h,qroeter.;sHe dimensior_s _e no_ t.h_ _am,., ;_ in tb.i:;

analysis, the arithmetic averag_ velocity a_,_l the smaller
linear dimension should lead to a reasonab},,: estimate of

contact time.

JPI, TECHNICAl MEI_ORANDUM 33.395 7



B rate coefficient

C! specific hezt capacity of liquid fuel

Co specific heat capacity of liquid oxidizer

Cv specific heat at constant pressure

D_ diameter of jet

k thermal conductivity

L latent heat of vaporizaffon

M molecular weight

•N Nusselt number

P gas pressure

Pa chatpber pressure

Pr Prandtl'number

P_ stagna.tion pressure

r radial coordinate measured from

stream line

T temperature

t, average residence time

u ri_dial v.eloeity

Vj in_iatjet velocity

9 ve.rtieal velocity

stagnation

to weight fraction ".:ngas phase

length coordinate no,_al to k_tefface

z vertical distance Lrom eenter!ine

,_ scale paran,eter

3 thickness of gas film

_1 2 z/_

/_ viscosity

r parameter

p gas density

stream function

Subscripts

1 initial

f fuel

m equivalent product for N,O_-N._,H, combustion

jet

o oxidizer

Superscripts

° equivalent unreactecl

* critical value
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Appen=ilx

Radial Pressure Drop Re,at|on

Equation (21) of the text will be derived herein. To

simplify the analysis, the gas temperature is taken to be
a constant; _enee viscosity, is constant, and density is a

function of pressure alone. The mass eonserva_on and

radial mcrmentum equatioms are: respectively,

aad

aew + _pur= 0 (A-I)
-_r _z

_v _o dP 9:v

_ %-7+ pu %T = - -g- + _ _ (n-2)

The velocity profile iis t_ken to be laminar:

v,=,-_ (i - n-_) (A-3)

where rI = 2z/_.:x'_e thickness _ and the maximum

vel_ty _are eonstaiits_ integrating Eqs. (A-l) and (A-2)
fTo£':zl ='::,'L 8/2 tt0"-Z:'_-:: 8i2; We•get from eq. (A-l) _e

v = (h-4)
2p_

and from Eq. (A-2) the differential equation

dP 6 d 12_b"
d--7 + 5r dr (Pr _'-')+ _--T-.= 0 (A-5)

Using Eq. (A-4), where p"-_oand _t are eev_s_:ants, _nd

the pe_ect gas law, Eq. (A-5) can be integrative! from the

point r = 0, where the pressure is the sta_ation pres-

sure Pt, to hhe point r = r_, where the pressure is _--}
to the chamber ambient pressure Pa.._ter consideraSle

manipulation, we can relate the pressure t9 the radius by

- .W: =

where we defiaae "_ " "me quantities

and

g8
as _ -- (A-8)

/,

.oo ) (a-_}n_3 1+ 8.---_e

Equation (A-6) is expanded in a Taylor series around

ida -- Pt and is solved for the pressure dxop. We get

P_ -P_ = 0,45 1 + 3Re/ pt _7,

It is assumed that the static pressure in the gas film

reaches the chamber pressure P, at the point where

r_ = O i.


